Over the past 25 years, public health concerns following the Three Mile Island (TMI) accident prompted several epidemiologic investigations in the vicinity of TMI. One of these studies is ongoing. This commentary suggests that the major source of radiation exposure to the population has been ignored as a potential confounding factor or effect modifying factor in previous and ongoing TMI epidemiologic studies that explore whether or not TMI accidental plant radiation releases caused an increase in lung cancer in the community around TMI. The commentary also documents the observation that the counties around TMI have the highest regional radon potential in the United States and concludes that radon progeny exposure should be included as part of the overall radiation dose assessment in future studies of radiation-induced lung cancer resulting from the TMI accident.
INTRODUCTION
Environmental epidemiologic investigations seek associations between involuntary environmental toxicant exposures and their potential adverse health effects, thus illuminating cause and effect relationships. The questions examined by environmental epidemiology are frequently of great importance; unfortunately the answers provided by many of the studies are subject to large uncertainty. Observing the generally low relative risks resulting from most environmental exposures are often hindered by both the lack of individual level data for the population at risk and inaccurate or incomplete assessment of past environmental exposures. In fact, non-differential misclassification and measurement error of exposure generally bias results toward the null in estimates of relationships between exposure and disease (1, 2) even when a significant dose-response relationship exists. Another challenging problem in environmental epidemiology is the proper control of confounding variables. Environmental epidemiologic studies are frequently performed in emotionally charged situations in which the public is anxious, angry, fearful or distrustful of an industry or the government and in cases where groups of citizens are in adversarial litigious situations as a result of their perceived exposure.
Public health concerns following the 1979 Three Mile Island (TMI) accident prompted several teams of researchers to perform epidemiologic investigations in the vicinity of TMI. Within this context, one wonders whether or not the public's perception that radon progeny exposures are of low risk may have been a factor in the failure of previous TMI related studies to adjust for this potentially important confounding factor when assessing the impact that the accidental plant releases may have had on lung cancer incidence in the TMI area.
RISK PERCEPTION AND ENVIRONMENTAL EPIDEMIOLOGIC STUDY DESIGNS
Using TMI as a backdrop, Wing (3) described the interactions between science, society and litigation and asserted that scientific explanations are shaped by social concepts, norms and preconceptions. I find myself in agreement that scientific explanations and indeed environmental epidemiologic study designs are shaped partly by social factors and perhaps even by a larger extent by the availability of existing data to assess the retrospective exposure. The following comments are provided to illuminate a factor, which has been generally neglected, probably because of lack of readily available data and possibly in part by social apathy, in the epidemiologic research following the TMI accident. It is well documented that prolonged exposure to radon decay products (radon) causes lung cancer (4) (5) (6) (7) . In fact, the US Environmental Protection Agency (EPA) recently modified and extended the approach used by the National Research Council (4) to assess the risk posed by residential radon exposure. Based on their re-analysis, the EPA estimates that $21,000 radonrelated lung cancer deaths occur each year in the United States. (8) Radon has no sensory reminders to repetitively stimulate us think about it. It is not a dread hazard (9) . Lung cancer caused by radon progeny exposure is not distinguishable histologically from lung cancer due to other causes. The preponderance of exposure to radon decay products occurs indoors at home and at work and is generally not caused by any industry, so there are no 'villains' to blame for its presence. These factors and others (10, 11) reduce the risk perceived by the public and, in turn, researchers and other scientists (12) are not publicly reminded by social outrage to include it as part of radiation risk assessment.
TMI-RELATED EPIDEMIOLOGIC STUDIES
Hatch et al. (13) investigated the incidence of cancer for individuals in the 10 mile radius around TMI in regard to both estimated TMI-accident-related radiation exposures and possible radiation exposures resulting from routine operations of the plant. The study area was divided into 69 study tracts and the researchers relied on mathematical models to predict exposure patterns for both accident and routine emissions. Individual risk information was not collected. The researchers found elevated risks for lung cancer for both the routine and estimated accident doses. The researchers further noted that, 'one or more lung cancer risk factors are operating to produce an exposure pattern very similar to the pathway for the radioactive plume'. In concluding that the overall results 'did not provide convincing evidence' that radiation releases from TMI influenced cancer risk during the limited period of follow-up, the authors relied, partly, on a median estimated accident-related dose for the study tracts equal to $0.4 mSv (40 mrem) with an average estimated individual dose of 0.1 mSv (10 mrem). Background gamma radiation doses, excluding radon, were estimated to range from 0.5 to 1 mSv yr À1 (50-100 mrem yr
À1
) and doses to individuals from routine TMI operations in the area were estimated to be about 0.01 mSv yr À1 (1 mrem yr À1 ). In a reanalysis of the Hatch study, Wing et al. (14) used the same dose information provided by Hatch et al. (13) , but made no use of absolute dose estimates, relying only on relative dose units. Their estimated relative risk estimates for lung cancer mortality were slightly higher than the risk estimates noted by Hatch et al. (13) . Talbott and colleagues (15) recently updated their previous findings for a long-term follow-up (1979-1998) cohort mortality study in the vicinity of the TMI area. The researchers relied on whole body gamma dose estimates, for Xenon-133, 133 m, 135, 135 m and Krypton-88 limited to the ten days following the accident, which were modelled by Gur et al. (16) , to assign likely and maximum gamma dose estimates for the population within a 5-mile radius of TMI. Using a 1976 airborne survey, Talbott et al. (15) also assigned members of the TMI cohort, by zip code of residence, to quartiles of 'natural background radiation dose'. The researchers reported that over 75% of the TMI cohort within 5 miles of the plant resided in areas with gamma levels <8.8 mR hr
. Relative risk estimates showed that neither the maximum gamma dose nor the estimated gamma dose was a significant predictor of lung cancer after adjusting for 'known' confounders.
The use of aggregate data to represent the total post accident-derived radiation exposure history for individuals in the vicinity of TMI is a major limitation of TMI-related epidemiologic investigations. Unfortunately, the recent study by Talbott et al. (15) failed to consider the major source of 'natural background radiation exposure' impacting lung cancer risk estimates for the population under study, especially in light of a previously published mortality study (17) that acknowledged, 'higher mean levels of indoor radon exposure have been documented in the TMI geographic area'. Overall, the TMI-related epidemiologic studies have neglected the importance of radon exposure in their adjustments for confounding.
RADON CONCENTRATIONS IN THE VICINITY OF TMI
Assuming that the estimates used by Talbott and colleagues (15) are correct, the natural gamma background dose of <1 mSv yr À1 (100 mrem yr À1 ) and the average estimated individual whole body gamma dose of 0.09 mSv (9 mrem) for the five mile zone around TMI from noble gases (excluding radioiodines) released from TMI, pale in comparison to the average dose equivalent from radon progeny exposure to the public in the vicinity of TMI. As part of the US Environmental Protection Agency/State Radon Cooperative Program, Alexander et al. (18) published a summary of screening (short-term) radon measurements that included 55,000 randomly selected homes in 38 states. The survey identified geographic regions within the states with elevated screening levels of radon.
Screening radon measurements are short-term radon measurements, usually performed in the lowest area of the home. They are used to identify areas with high radon potential and should not be considered directly representative of personal radon exposure. Oddly coincidental, the highest regional screening radon concentrations noted for the 38 states were found in the Pennsylvania counties surrounding TMI, including Cumberland, Dauphin, Lancaster, Lebanon, Perry and York Counties (Figure 1 ). Screening radon measurements in these counties averaged 659 Bq m À3 (17.8 pCi L À1 ). The potential confounding effect of this source of radiation exposure is significant when one considers that a yearly average radon concentration of 150 Bq m À3 (4 pCi L À1 ) imparts an estimated average annual dose of 200 mSv (20,000 mrem) to the target cells in the bronchial epithelium (8) . Figure 1 depicts the predicted county average radon concentrations in the living areas of homes for the six counties surrounding TMI (19) . Particularly high radon concentrations are known to occur in the confined physiographic region known as the Great Valley Section that extends north of TMI (20) . However, because of the high geologic heterogeneity of radon source material within the 5 mile radius of TMI, it is impossible to predict how the radon concentrations in this area affect risk estimates without a more detailed survey involving residential radon.
CONCLUSIONS
The challenge of adequately reconstructing past radiation exposure makes it very questionable whether or not the various TMI-related epidemiologic studies had sufficient power and scientific rigour to make any claims regarding whether or not the radioactivity released during the TMI accident had a statistically significant impact on the lung cancer mortality experience of this population through 1998. Perhaps, dose assessment may be enhanced as technology improves through the continued development of biological markers or the in vivo use of teeth to measure the electronic spin resonance as a surrogate of dose at the level of the individual (21) . Consideration should also be given to performing case-cohort analyses with appropriate matching and enhanced retrospective dose assessment methods that include currently available retrospective assessment of radon progeny exposure (22) and detailed information on lifestyle factors such as smoking (23) . Further thought should also be given to how this population, with its chronically elevated alpha particle exposure to the lung from exposure to radon decay products, may differ from other populations with regard to radiosensitivity or radioadaptation. For example, does the population around TMI have more radon progeny dose-related chromosome aberrations and genomic instability, which would make it more susceptible to cancer induction from noble gas exposure? Obviously, scientific inquiry is never finished, but may proceed at a quicker pace with mutual cooperation.
In summary, the lack of control of confounding by radon decay products in TMI-related epidemiologic studies suggests that the environmental epidemiologic study designs are shaped by social factors. Scientists need to strive to transform their overall scientific objectives, in this case understanding the possible adverse health effects following the TMI accident, from a narrow personal pursuit to a more cooperative vision. While this transformation is difficult under the litigious conditions, in the years following the TMI accident, described by Wing (3) the transformation may be manageable outside the legal arena with mutual cooperation between scientists. Even though there is little outrage or anger regarding radon exposure around TMI, radon progeny exposure should be included as part of the overall dose assessment in studies of radiationinduced lung cancer from the TMI accident, especially since radon progeny exposure in the TMI area produces much higher radiation doses to the lung than the officially reported offsite TMI accidentrelated releases. 
